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General Introduction 
This work provides an approach to determine the three 
dimensional structure of protein and polypeptide in solution by a 
combined use of nuclear magnetic resonance spectroscopy (NMR) and 
distance geometry. 
There has been a great demand to establish the method for 
obtaining information concerning the solution structures of 
macromolecules of biological interest. The knowledge of the 
three dimensional str,ucture is sometimes decisive or inevitable 
to understand their biological functions. X-ray crystallography 
has long been used as the one and only technique to elucidate the 
s t r u c t u res 0 f mac r 0 m-o 1 e cuI e s rep res e' n ted by the a tom i c 
coordinate(1). Although it is needless to mention that X-ray 
analysis has made a great contribution to advances in molecular 
biology(2,3), this technique involves essentially a limit that 
it treats single crystals of macromolecules. There has not been 
any universal technique to crystallize macromolecules. A 
condition to obtain a large enough single crystal of a good 
quality is found by trial and error in each case. Especially it 
is so difficult to crystallize polypeptide with around 20 amino 
acids residues that there has been almost no report of the work 
of X-ray analysis about polypeptide with a degree of 
polymerization of this range. There is another disadvantage 
that, even an X-ray analysis has been done on some macromolecule, 
there remains an inherent question if the structures in solid 
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state are preserved in solution state where biological molecules 
show their activities. 
Recently, by the development of high resolution NMR with high 
magnetic field of super conductive magnets and new pulse 
techniques including various modes of two dimensional NMR 
experiments(4,5), the amounts of conformational information 
about biomolecules in solution have been increased 
drastically(6). It is remarkable that information of interproton 
distances "in macromolecules have been available through nuclear 
Overhauser effect (NOE) measurements(7). 
Table 1 
Approaches to tertiary structure in solution 
Manual method 
1. Model building CPK model(13) 
2. Interactive computer graphics : CONFOR(14) 
Computer calculation 
3. Metric matrix 
4. Least-squares minimization 
(Variable target function) 
5. Restrained molecular dynamics 
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DISGEO(15-18) 
DADAS(19-23) 
CHARMM(24-27) 
There have been several approaches including ours in these 
three years to construct three dimensional structures of 
macromolecules with the informations of interproton 
distances(6,8,9). The strategies used to realize these approaches 
are listed in Table 1. They are originated from a basic method 
named as distance geometry algori thm (10,11) which is a 
mathematical way to elucidate the atomic coordinates of the 
molecule from the interatomic distances. Crippen related the 
interatomic distances to the atomic coordinates by an elegant 
concept of metric matrix, G, as follows. 
The metric matrix for an actual molecule with N a toms is 
defined by 
G· ·=r· ·r· (i,j=1, ... ,N) 1J 1 J 
where ri represents the vector from the geometric center of mass 
to atom i and • the dot product. Thus Gij is an N x N symmetric 
matrix. The matrix Gij can be calculated from the distances d ij 
as 
G· . 11 
1 N .7. 
= - Ed· . N j 1J 
1 N N 2-
2 L kLdJ·k 2N j 
G·.= (G.· + G .. - d2 .. ) 1J 11 J J 1J 
A spectral representation of metric matrix by diagonalization is, 
G .• 1J 
where Aa is the eigenvalue and Ea is the corresponding 
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eigenvector. 
A comparison of two different representations of Gij leads to 
If all distances between all pairs of atoms are exactly known, 
the metric matrix should have properties of rank 3. This means 
that number of non-zero eigenvalues is three. Then coordinate of 
atom (xi'Yi' zi) is embedded as 
This procedure is usually named as embedding. 
Therefore the atomic coordinates can be calculated from the 
interatomic distances. It is noteworthy to mention here that 
there is a serious problem to determine the solution structure of 
protein and polypeptide from experimentally obtained distance 
information by 1H- NMR . That is, elucidated solution structures 
are not expected to be unique ones(12). Mainly three reasons 
might be considered for this problem. First, enough number of 
the NOE data with good qualities, are not available because of 
limited resolution of NMR spectrum such as overlapping and 
broadening of peaks and noise, even in two-dimensional NMR. 
Second, strict treatments in the interpretation of NOE data to 
their corresponding distances where the fluctuation of distances 
is taken into account should lead a loss of some information; 
i.e. the upper distance constraints might overestimate. Third, 
since the conformation of macromolecule should fluctuate in 
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solution, parameters are averaged in the time scale of NMR. 
Therefore one should expect that NMR structure in solution might 
be a group of the somewhat different conformations which satisfy 
the imposed distance constraints to some extent. 
Among the strategy listed in Table 1, the model building 
with suitable molecular models such as CPK model(13) is the 
simple and conventional way to survey structures which satisfy 
the distance constraints. It is obvious that there is a limit in 
manual handling of the enormous data. Interactive computer 
graphics improves the si tua tion to some extent. For example, 
CONFOR(14) is able to display the sum of the violations of the 
distance constraints and has facilities to accept a manual 
adjustment to minimize the violation. Even so, these techniques 
have a limit also that they can not survey systematically the all 
possibilities nor give the quantitative evaluation of the 
resulting conformation. Thus the other three kinds of approaches 
listed in Table 1 have been considered to be much reliable. The 
approach of DISGEO(15-18) follows the idea of the distance 
geometry mentioned above. The other two methods(19-23) are the 
minimization of the difference between interatomic distances in 
calculated structures and the corresponding distance constraints. 
We have completed the method of the minimization of the 
variable target function; DADAS(19-23), which uses the dihedral 
angles in peptide as variables to minimize the difference. In 
this thesis, I will describe in sequence the method which was 
developed by us to determine the solution structure of 
polypeptide with 10 - 20 amino acid residues and the evaluation 
of the methods listed in Table 1. 
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In Chapter 1, the application of DADAS on the structural 
analysis of polypeptide in solution is reported. The sample was 
a shorter peptide of a heat-stable enterotoxin (STh) produced by 
a human strain of enterotoxigenic Escherichia coli (SK-1) 
designated as STh[6-19]. We investigate there the validity of 
the interatomic distances provided by interpreting of NOE's which 
were observed in the two-dimensional 1H-NMR spectra. 
Considering the intramolecular motion, we used the three methods 
to interpret the intensity of NOE to corresponding interatomic 
distance, i.e. use of rigid model, use of uniform averaging model 
and setting the maximum upper distance constraint. Various 
criteria such as averaged root mean square distance between 
conformers and violation of distance constraints were provided to 
evaluate the obtained structures. The result revealed that .the 
segment between 9th to 19th residues of STh takes a well defined 
cylindrical structure. This is the first determination of 
structure of polypeptide in solution. 
In Chapter 2, an investigation of the structure and 
biological activity relationships of polypeptide is discussed 
using a neurotoxic peptide, conotoxin GI as a sample. Two newly 
pure phase 
spectroscopy 
developed two-dimensional NMR techniques; i. e. 
detection and homonuclear Hartmann-Hahn (HOHAHA) 
were also used to improve the spectral resolution and eliminate 
the ambiguity of assignment. The pseudo atom treatment was 
introduced in DADAS to decrease the loss of distance information 
for the prochiral protons. The calculated structures of 
conotoxin GI are converged into two groups in space which differ 
at the C-terminus part of polypeptide. One group of conformers 
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explains its activity with regard to the binding mechanism to the 
acetylcholine receptor protein in the neuromuscular junction. 
This demonstra tes that our strategy to determine the solution 
structure of biological molecule is able to provide a powerful 
tool in molecular biology. 
In Chapter 3, the reliability and limitation on the 
determina tion of solution structure are discussed through the 
comparison of three representative methods of which computer 
programs; DISGEO(15-18), DADAS(19-23) and CHARMM(24- 27) are 
available. DISGEO is provided for the calculation of the metric 
matrix method, DADAS for the minimization of the variable target 
function and CHARMM for the restrained molecular dynamics. There 
is no report of such a comparison using identical input data so 
far. Here we carried out calculations to elucidate the three 
. 
dimensional structure using two sets of input data; one is 
obtained from our experiment for conotoxin GI and the other is 
provided through the simulation from the structure of Tendamistat 
determined by the X-ray analysis. From the aspect of the 
application in the case of structure determination by NMR, merits 
and demerits of each method are discussed to achieve further 
developments of the new born method of solution structure 
determination of macromolecules. 
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CHAPTER I 
A Conformational Study of Polypeptides in Solution 
by 1H- NMR and Distance Geometry 
1 1 
[Summary] 
We are developing a strategy to elucidate the conformation 
of polypeptide and protein in solution. Recently an efficient 
algorithm of distance geometry has been developed to calculate a 
conformation wi th proton-proton distance constraints. The 
combined use of the distance geometry algorithm and 1 H- NMR 
measurement to determine a conformation is reported here as 
applied to a shorter peptide of a heat-stable enterotoxin 
produced by a human strain of enterotoxigenic Escherichia coli 
(SK-1). Considering the intramolecular motion, we used the three 
methods to interpret the intensity of NOE to corresponding 
interatomic distance, i. e. use of rigid model, use of uniform 
averaging "model and setting the maximum upper distance 
constraint. Various criteria such as averaged root mean square 
distance between conformers and violation of distance constraints 
were provided to evaluate the obtained structures. The result 
revealed that the segment between 9th to 19th residues of STh 
takes a well defined cylindrical structure. 
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[Introduction] 
Determination of the solution conformation of a polypeptide 
is indispensable in the study of its structure-activity 
relationship. Various kinds of spectroscopic methods have been 
applied to the investiga tion . of polypeptide conforma tion. 
However, it has been difficult to delineate the solution 
conformations at the atomic level, even though the X-ray 
crystallographic analysis is available in the solid state, there 
are a large number of polypeptides of which single crystals are 
difficult to be obtained. 
The developments of high resolution proton nuclear magnetic 
resonance (1 H_ NMR ),(1,2) especially two-dimensional NMR 
techniques,(3-5) have made it possible to make a~slgnments of 1H_ 
NMR peaks of small proteins consisting of up to about 60 amino 
acid residues. (6) A large number of data of nuclear Overhauser 
effects (NOE)(7) which contain information about interatomic 
distances can be collected and identified on the basis of these 
assignments. These pieces of distance information restrict 
possible tertiary structures of a polypeptide molecule. Recently 
computerized distance geometry algorithms have been applied to 
several proteins to construct molecular structure in the atomic 
level from a limited number of distance constraints.(8- 1 4) 
However these algorithms have a rather narrow applicability 
because of limitation of computer memory size and speed. We have 
developed a new efficient distance geometry algorithm which 
significantly expands the applicability.(15,16) In this paper, we 
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will describe the application of this algorithm to the analysis 
of a conformation of a shorter peptide of a heat-stable 
enterotoxin (STh).(17-20) 
Asn-Ser-Ser-Asn-Tyr-Cys-Cys-Glu-Leu-Cys-Cys-Asn-Pro-AIa-Cys-Thr-
Gly-Cys-Tyr 
Fig. 1. Amin~ acids sequence of the heat-stable enterotoxin 
(STh) produced by a human strain SK-1 of enterotoxigenic 
Escherichia coli. 
STh is produced-by a human strain of enterotoxigenic 
Escherichia coli (SK-1) and causes acute diarrhea in human. The 
amino acid sequence of STh has been determined as shown in Figure 
1.(17) It is r~markable that STh consists of six cysteinyl 
residues which occupies one-third amino acid residues of the 
molecule and are bound by intramolecular disulfide bonds. The 
mode of disulfide linkages is still unknown and is under study by 
chemical analysis. 
NMR studies were carried out on an analogue of STh, 
designated as STh[6-19] which corresponds to the sequence of STh 
from 6th to 19th residues (Fig. 1).(18-20) This analogue has the 
biological activity almost the same as the native STh and is more 
heat-stable. Various homologues of STh have been found to have 
similar amino acid sequence in this segment. The six cysteinyl 
residues occur at the same locations. 
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[Materials and Methods] 
STh[6-19] was synthesized using the same procedure as 
described previously. (18) The chemical synthesis provided an 
enough amount of sample for NMR measurements, especially for two 
dimensionalNMR. STh[6-19] was dissolved in mixed solvent of 85% 
dimethylsulfoxide and 15% acetonitrile to be ca 10 mM. 
The 'H-NMR measurements were performed on a JEOL GX-500s 
spectrometer at 500 MHz. Two dimensional correlated spectroscopy 
(COSY) and NOE correlated spectroscopy (NOESY) were recorded with 
the standard pulse sequences(3,4). Size of the data in time 
domain were 2K points for the t2 direction and 256 points for the 
t1 direction. The data size was expanded to 512 in t1 direction 
by zero-filling. The spectra have the digital resolutions of 9.8 
Hz/point for the w1 direction and 4.9 Hz/point for the w2 
direction. The spectra were obtained in the absolute value 
mode. The NOESY spectra were recorded with various mixing times 
for evaluation of the effects of spin diffusion and coherent 
magnetiza tion transfer. All NMR measurements were performed at 
10.0 °e. 
Interatomic distances are evaluated by interpreting the NOE 
data. The way of interpretation of these data will be described 
later. For each pair of atoms, i and j, for which the NOE is 
observed, upper and lower constraints, U.. and L··, lJ lJ of the 
interatomic distance rij are determined as detailed later. For a 
given set of constraints, the following error function is defined 
as a target function to be minimized.(15) 
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where r I means summation only over the terms which violate 
distance constraints, and si' Sj are repulsive core radii(15) of 
i'and j atoms (they were determined for each type of atoms such 
that the Lennard-Jones energy for a pair of atoms at the contact 
radii is 3.0 kcal/mol, i.e., five times RT. ), and w is a 
relative weight of the third term to first and second terms. 
The value of the target function T should vanish for 
conformations which satisfy the constraints. At least it should 
correspond to one of minima of the target function. In the 
minimization of the target function, only the dihedral angles of 
polypeptide(30); ~,W and XIS are treated as independent 
variables by fixing the bond angles and bond lengths of peptide 
residues to the values listed in Empirical Conformational Energy 
Program for Peptide (ECEPP). (21 ,22) With GENER sub-program in 
ECEPP, a structure is generated for a set of given values of 
dihedral angles and rij are calculated. Reductions of the 
calculation time and computer memory space were achieved by 
treating only dihedral angles as independent variable.(15,23,24) 
All of the atoms including hydrogen atoms were taken into account 
in the calculation. 
In order to avoid the multiple minimum problem and to search 
for the global minimum of the target function T, the distance 
constraints were applied stepwise following the idea of Ooi et al 
as follows.(25) At first, the distance constraints were 
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classified according to the distance k between the residues to 
which each of paired atoms under consideration belongs, where k 
is defined as the difference of the residue numbers. Next, 
minimization was carried out for the target function with the 
distance constraints only of smaller values of k. Then, by 
starting from the conformation obtained in this minimization, 
calcula tion was continued to minimize the target function with 
the constraints of up to slightly larger values of k. Starting 
from the previously minimized conformation, the target function 
was then minimized with the constraints of the second range 
between the residues aparted by four residues. A series of the 
minimization was continued by increasing the range of 
constraints. Furthermore such a series of the minimization was 
repeated according to the various values of the weighting factor 
_ 1 
w which was a ratio between the term of ~he core radii to that of 
the distance constraints imposed by NOE. The value of w was 
changed gradually from 0.1 to 5.0. In earlier stages of the 
minimization where a small value of w is taken, the distance 
constraints by NOE's played a relatively important role. During 
these stages, the peptide folds into grossly correct structures. 
In later stages with a larger value, the term of the core radii 
predominates and leads stereo chemically satisfactory conformers. 
Ten trials with a set of distance constraints were performed 
with ten different initial conformations respectively. Initial 
conformations were generated by giving random number to the all 
rotatable dihedral angles. In the course of the calculations all 
of the dihedral angles w for the peptide bonds were set to 1800 • 
The computers used in the calculations were an ACOS 1000 and 
17 
a FACOM M-230 at the computer centers of Osaka University and 
Kyushu University, respectively. Computer drawings and some of 
the structure analysis were carried out with aids of a special 
computer graphics program, VENUS(26) at Crystallographic Research 
Center, Institute for Protein Research of Osaka University. 
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[Results and discussion] 
Sequential assignments of the protons in the backbone 
In order to make assignments of 1H- nmr peaks of STh[6-19], a 
sequential resonance assignments procedure by Wuthrich and co-
workers was employed. J-coupling connectivities with the assist 
of value of chemical shift & intensity, revealed from the 
analysis of the COSY spectrum, established almost all of the spin 
systems. 
The individual protons belonging to Glu-8, Leu-9, Pro-13, 
Ala-14, Thr-16 and Gly-17 were easily assigned by judging from 
their coupling profiles. Because the spin systems of these six 
residues are unique respectively ~n the molecule, t~eir coupling 
.',: .. . 
pa tterns are distinguishable from the others •. The protons of 
aromatic ring of Tyr-19 were identified by the through-space 
connectivities to each cS protons in the NOESY spectra. Two Ca 
protons of Cys-15 and Cys-18 had incidentally a same chemical 
shift value. In this case, intra-residual coupling connectivities 
including amide and cS protons were established respectively via 
each intraresidual NOE among these protons. Cross peaks between 
CaH and CSH2 in COSY spectrum which are expected two peaks for 
magnetically non-equivalent two cS protons, were missed sometimes 
because of the values of dihedral angles. In such cases, the 
intraresidual NOE's were used to establish each coupling 
connectivity as well. Thus, all the spin systems of each amino 
acid residue were identified. 
Then sequential resonance assignment was carried out using 
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NOE connectivities between adjacent residues through amide 
protons, i.e. NOE connectivities between CaH-NH (d1-connectivity) 
and between NH-NH (d2-connectivity). Stereo~hemical study showed 
that at least one of the through-space distances corresponding to 
d 1 and d 2 , is smaller than 3.0~ which might cause a strong 
NOE(27). From the J-coupling cross peaks in COSY spectrum the 
amide proton and Ca proton in the same residue were connected, 
and then they were connected to the Ca proton of the preceding 
residue by NOEs of d 1- and d 2-connectivities in NOESY spectrum. 
By repeating this process, sequential assignments along the 
primary structure were performed. These connectivities were 
interrupted by Pro13 position for the reason of the absence of 
the amide proton. The amide. protons of Cys6 and Cys7 were not 
observed because of fast exchanges of the amide protons due to 
the trace of water contaminated in the solvent. The combined 
COSY-NOESY connectivity diagram in Figure 2 shows the results of 
the assignments except Cys6 and Cys7 which could not be 
identified. 
The NOESY spectrum with mixing time of 120 msec was used for 
the semi-quantitative analysis of the intensity of NOE cross peak 
because this spectrum could avoid the troubles of spin diffusion 
and coherent magnetization· transfer judging from the comparison 
of a series of NOESY experiments with different mixing times. For 
the discrimination of NOE from noise, only those NOEs that 
appeared commonly in the other NOESY spectra with other mixing 
times ( 160, 220 m sec) were adopted. Thirty-eight NOEs between 
interresidue protons and '29 NOEs between intraresidue protons 
were collected and identified based on the previously described 
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Fig. 2. Contour plot of a combined COSY-NOESY connectivity 
diagram of the region (w1 = 3.9-9.8 ppm, w2 = 3.9-9.8 ppm) for 
sequential resonance assignments via NOEls between amide protons 
and Cn protons of the preceding residue. The bottom of the figure 
is the conventional one dimensional spectrum of corresponding 
region ( 3.9-9.8 ppm ). In this contour plot the upper left 
triangle was taken from the NOESY spectrum at 500 MHz of the 
STh[6-19] of a 10 mM solution in mixed solvent of 85% 
dimethylsulfoxide (DMSO) and 15% acetonitrile, 10.0oC with mixing 
time of 120msec. The lower right triangle was taken from the COSY 
spectrum of the same sample and condition. The spectra have the 
digital resolutions of 9.8 Hz/point for the w1 direction and 4.9 
Hz/point for the w2 direction. The solid lines in the lower right 
triangle indicate J -connecti vi ties between intraresidual amide 
proton's and Cn protons, and the solid line s in the' upper left 
triangle indicate d 1-connectivities between amide protons and C
n 
protons of the preceding residue. 
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assignments. Among the interresidual NOE IS, eleven NOE IS were 
those between protons of non-neighboring residues which play 
important roles in constructing overall structures of the 
polypeptide. 
Relation between NOE and interatomic distances 
In the next step the intensities of NOE peaks in the NOESY 
spectra were translated to corresponding atomic distances. The 
intensity of NOE is not only a function of inter-atomic 
distances but also a function of the internal motions of a 
molecule which are represented by effective rotational 
correlation times. The molecular motions must be considered 
carefully to deduce interatomic distance from an NOE. Almost all 
of the residues of STh[6-19] were detected as incorporated into a 
network of the interresidual through-space connectivities by 
negative NOElS. This indicates that all parts of the molecule are 
tightly folded with three disulfide linkages. There, we assume 
that all the protons have a common correlation time. Since local 
intramolecular motions reduce the intensity of NOE, only upper 
distance constraints were derived from the NOE data. The 
intensity of NOE between two cS protons of a Cys residue which 
showed the strongest intensity of NOE among all pairs of cS 
protons was used for a standard to calibrate relative intensities' 
of NOEs. 
Collected NOEs were classified 'into two groups, i.e.,short 
range NOEs which mean the NOEs between intraresidual protons and 
NOEls among backbone hydrogen atoms and cS protons of the 
adjacent residues, and long range NOEs which mean NOE I S among 
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the remaining pairs of protons. In the case of the interpretation 
of short range NOE's, a rigid model(8) which treats atomic 
distances as fixed ones was applied. Since proton pairs which 
show a short range NOE are separated each other by a small 
numbers of covalent bonds in the polypeptide structure, 
fluctuation of distances between these protons can be regarded as 
small. Therefore, it is reasonable to use the rigid model to 
short range NOE's. 
To interpret long range NOE's, fluctuation of proton-proton 
distances should be taken into account. Two methods of 
interpretation were applied as follows. First, we adopted an idea 
of a fixed upper distance constraint and assumed it to be a 
threshold value of distance where NOE first was detected. In this 
interpretation, the distances between protons which showed a long 
range NOE were assumed to be 4~ or 5~. The value ·of 4~ was 
longer than the distances which was obtained from the rigid 
model. Second, we adopted a so called uniform averaging model 
which was used ,for example, in the determination of the 
structure of glucagon in solution by Braun et al.(8,11) The 
uniform averaging model treats atomic distances as uniformly 
distributed ones between the minimum and maximum values. The 
minimum distance between two protons was assumed to be the sum of 
the core radii of the two protons, i. e., 2.0 ~ and maximum 
distance was derived from the intensity of NOE. 
For the sake of convenience, these ways of interpretation 
were called UNI ( uniform averaging model), Rm 5 (setting 
maximum upper distance constraint as 5.0 ~) and Rm 4 (setting 
maximum upper distance constraints as 4.0 ~), respectively (Table 
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1 ). The correlations between intensities of NOE peaks in the 
NOESY spectra and constraints on interatomic distances were 
summarized in Table 1. 
It should be noted that we cannot make stereospecific 
a.ssignments of two individual cS proton resonances. Therefore 
when an NOE is observed between any proton and cS proton, the 
distance is replaced by that measured from the cS carbon ato~. 
The upper limit from the proton to the replaced cS carbon is the 
sum ~f the upper distance constraint derived from the NOE and the 
maximum distance between the cS carbon and the CSH hydrogen 
atoms corresponding to the length of the C-H bond. The other 
protons, such as protons of methylene and methyl groups, which 
are also impossible to be stereospecifically differentiated was 
also treated in the same way. In the similar case of aromatic 
ring protons of tyrosyl residue, C2 and C6 protons, and C3 and C5 
protons are referred to the CY and C~ carbon atoms respectively. 
For ~. leucyl residue, two CO methyl protons were referred to the 
CY carbon atoms. After ,these corrections, input data for the 
distance geometry calculation were prepared respectively for the 
three sets of interpretations. For example the data between non 
adjacent residues were shown in Table 2. 
Comparison of the calculated structures 
By the repetition of the calculations starting from the 
randomly chosen ini tial conformations, an assembly of the 
somewhat different conformers that conform to the imposed 
distance constraints could be obtained. Starting from ten initial 
conformations, ten conformers were calculated respectively for 
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Table 1 
Correlation between cross peak intensities in NOESY spectra 
. of STh[6-19] and constraints on 1H_1H distances' [ ~ ] 
short range NOEs * long range NOEs * 
. t ·t ** ln enSl y rigid model . t ·t ** ln enSl y UNI Rm5 Rm4 
> 24 2.5 > 12 5.0 5.0 4.0 
?3 - 16 2.7 1 1 - 8 6.5 5.0 4.0 
15 - 8 3.0 7 - 6 8.0 5.0 4.0 
* Short range NOEs were those between intraresidual protons 
and those between ·backbone hydrogen atoms and CB protons of 
adjacent residues. Long range NOEs are those between the 
remaining pairs of protons. Rigid model was applied to the short 
range NOEs. Three different ways of interpretations were applied 
to the long range NOEs. These are called as UNI (uniform 
averaging model), Rm 5 (setting maximum upper distance constraint 
as 5.0 ~) and Rm 4 (setting maximum upper distance constraints as 
4.0~). 
** Intensities of the cross peaks in the NOESY spectra were 
given as the values of contour levels. 
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, 
Leu 
Leu 
, 
Cys 
Asn 
Asn 
Ala 
Ala 
Thr 
Thr 
Thr 
Thr 
* 
Table 2 
Upper distance constraints of non adjacent residues 
in STh[6-19] which were input i~ the calculation of the 
distance geometry algorit~ 
Observed NOEs 
9 COH3 Thr 16 NH 
9 COH3 Thr 16 CSH 
1 1 COH2 Cys 15 CSH2 
12 NOH2 Ala 14 CSH3 
12 CBH2 Cys 15 NH 
14 CBH3 Tyr 19 CCtH 
14 CCtH Tyr 19 C2,6H 
16 CCtH Tyr 19 C2,6H 
16 CCtH Cys 18 NH 
16 NH Tyr 19 NH 
16 NH Tyr 19 C2,6H 
Corresponding upper distance 
constraints* [~] 
UNI Rm5 Rm4 
Cy - NH 10.2 7.2 6.2 
Cy - CBH 10.2 7.2 6.2 
CB _ CB 10.2 7.2 6.2 
NO _ cS 10.1 7.1 6.1 
CB - NH 9.1 6.1 5.1 
CB _ CCtH 9.1 6.1 5.1 
CCtH - Cr. 10.1 7.1 6.1 
CCtH - cy 7.1 7.1 6.1 
CCtH - NH 8.0 5.0 4·0 
NH - NH 8.0 5.0 4.0 
NH cy 8.6 7.1 6.1 
In"the cases of proton groups which cannot to be 
stereospecifically assigned by NMR, reference atoms of distance 
constraints are replaced to suitable atoms. (See text.) 
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each of the three sets of the constraints. Totally 30 conformers 
were obtained as shown in Figure 3. The computers spent about 15 
minutes for each trial in the calculation of distance geometry. 
To investigate the consistency between the distance 
constraints used for calculation and distances in the obtained 
conformer, the averaged values of the sum of violations of the 
upper distance constraints imposed by NOE data (Vupper) and the 
averaged values of the sum of violation with allowance of 0.1 ~ 
of the core radius (Vlower) were calculated for each conformer 
(Table 3). The violation within 0.1 ~ corresponds to the range 
of the possible contact between two atoms. All of the values of 
Vlower were nearly zero and the values of Vupper were 
considerably larger than those of Vlower. This fact reflects that 
we made the relative weight of core radius w gradually i''ncrease 
-?-
and to reach a value of 5.0. All of the values of Vupper were 
about 2"'6~, but most of the violations for the upper distance 
constraints fell into the range of 0.1 "'0.5~. These values of 
violation seem reasonable from the point of semi-quanti ta ti ve 
interpretation of NOE. 
To select the practical interpretation of the NOE data, the 
cri teria which we chose are whether resulting conformers were 
well converged to each other, and how the mutual distances 
between the atoms in a conformer are consistent to the input 
constraints. The consistency of the resulting conformers were 
examined with respect to Vupper and the number of unacceptable 
conformers where the distance constraints of core radius with 
allowance of 0.1 ~ were violated to cause an extremely strong 
repulsive force. The interpretation of Rm4 gave only four 
27 
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Fig. 3. 
Computer drawings of the 10 conformers of STh[6-19] for the 
three different interpretations (UNI, Rm5, Rm4) of NOE data. Ten 
conformers were superimposed so as to fit each conformers best in 
space for three interpretations. Drawings of all main-chain 
backbone atoms (C Q , C', C'O, N) are shown. (a) 10 conformers 
calculated with the interpretation of NOE data, UNI (treating 
long range NOEs by uniform averaging model); (b) Rm5 (setting 
maximum upper distance constraint of long range NOEs as 5.0 ~); 
(c) Rm4 (setting maximum upper distance constraints of long range 
NOEs as 4.0~). 
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Table 3 
Violations of distance constraints in ten 
calculated conformers for three different upper bounds 
UNI Rm5 Rm4 
Vuppera [ 0 ] 2.69 3.62 5.48 A 
Vlowerb [ 0 ] 0.0 0.12 0.24 A 
Number of sterically 
unacceptable conformerc 0 2 6 
a The averaged values of the sum of the violations of the 
upper distance constraints imposed by NOE data 
b The averaged values of the sum of the violations of the 
core radii with allowance of 0.1 A. 
c The number of the conformers that violate the 
distance constraints of core radii with allowance 
of 0.1 ~. 
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stereochemically acceptable structures. V upper of Rm4 was the 
largest value among the three different interpretations. Thus, 
interpretation of Rm4 was the worst in terms of consistency and 
not suitable for the practical interpretation. The convergence of 
the resulting conformers were examined with respect to averaged 
root-mean-square distances (RMSD) among each ten conformers. 
Table 4 lists the RMSD values calculated for two sets of atoms; 
the backbone and hydrogen atoms bonded directly to them, and for 
all the atoms. The order of the RMSD values for the sets are 
parallel to each other. Although results obtained for UNI 
satisfies the imposed constraints, they did not achieve as good a 
convergence between the conformers as in the other two cases. 
This implies that the upper distance constraints in UNI might 
contain some overestimations in the int~rpretation of UNI, and 
the Gonstraints of the core radii might be easily satisfied by 
the conformation obtained with overestimated upper distance 
constraints. The convergence of Rm 4 was worse than that of Rm 
5. This might be explained by underestimation of the upper 
distance constraints, i. e. setting 4 ~ to the long range· NOEs 
made some upper distance constraints shorter than actual 
distances. Therefore the result of Rm5 was concluded to be best 
judging from the criteria and will be used for conformational 
analysis of STh[6-19]. 
Conformation of STh[6-19] in solution 
Two conformers with the violation of core radius more than 
0.1 ~ were discarded. The remaining eight conformers were then 
regarded to be stereochemically acceptable. In these conformers, 
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Table 4 
Averaged root-mean-square distances (RMSD) among ten 
calculated conformers for three different ways of 
interpreting upper bounds [ X ].* 
** Backbone atoms 
All atoms 
UNI 
4.18 
5.39 
Rm5 
3.21 
4.26 
Rm4 
3.62 
4.51 
** Atoms in peptide backbone and atoms bonded 
directly to them. 
* To investigate the convergence of the resulting conformers; 
root-mean-square distances (RMSD) between any two conformers 
were calculated using the algorithm described by McLaclan. 29 
The RMSD in the N atomic coordinates between two conformers 
is defined by 
RMSD = [-L 1:' (r. - Rr'.)]1/2 N 1. 1. 
where ri and ri are atomic coordinates of the two conformers with 
the same centers of mass and R is the best fit rotation matrix 
calculated to fit the two structures best in space. 
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the segments 9-19 were well converged and the segments 6-8 were 
randomly distributed (Fig. 4). Averaged r.m.s.d values between 
these eight conformers in the segment 9-19 were 2.33~X for the 
backbone atoms including hydrogen atoms and 3.28 X for all the 
atoms. None of interresidual NOE were interpreted in the segment 
6-8 because of the failing in the assignments of Cys 6 and Cys 7 
and of the missing of the amide proton peaks of Glu 8. Thus in 
this segment distance constraints imposed by NOE data were very 
poor. Therefore it is difficult to tell the structure of the 
segment 6-9. However a common feature could be extracted in 
segment 9-19 from the comparison of obtained conformers (Fig. 4, 
Fig. 5). 
The backbone structure in the segment 9-19 of 8Th[6-19] 
takes a cylindrical structure. This structure cO~Bists of thre~ 
recurring loops with almost all of the residues in the segment 
9-19. These turns take place at Leu9-Cys11, Asn12-Cys15 and 
Gly17-Tyr19, where some of the previously described d 2 -
connectivity were detected to give a support of these turn 
formations. 
In the present structure analysis, we could not decide the 
mode of the formation of disulfide bonds of 8Th [6-19], mainly 
because of the failure to assign of Cys6 and Cys7 and also 
because of the scarcity of the NOE data concerning side-chain 
atoms. To obtain reliable overall structure, the assignment of 
Cys6 and Cys7 are underway. 
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VJ 
.p... 
Fig. 4. 
Computer drawings of the 8 resulting conformers of STh[6-19] 
calculated with the interpretation of Rm5 of NOE data, (setting 
maximum upper distance constraint of long range NOEs as 5.0 ~) 
which were stereochemicaly acceptable. They were superimposed so 
as to fit segments 9-19 of each conformers best in space. 
Drawings of all main-chain backbone atoms (Ca , CI, C'O, N) are 
shown. 
(a) 
Cys 
Tyr 19 
Cys 18 
o 
Fig. 5. 
Computer drawing of the molecular conformation of STh[6-19] 
with the lowest value of the target function calculated with the 
interpretation of Rm5 of NOE data. (a) Schematic drawing of the 
polypeptide backbone is shown. (b) Stereo drawing of the all 
atoms including the hydrogen atoms is reprsented. 
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CHAPTER II 
Solution Conformation of Conotoxin GI by 1H-Nuclear 
Magnetic Resonance and Distance Geometry 
39 
[Summary] 
Conformational analysis of conotoxin GI which is one of the 
neurotoxic peptides produced by a kind of marine snail, genus 
Conus, is performed by the combined use of nuclear magnetic 
resonance spectroscopy (NMR) and dist~nce geometry calculations. 
The resulting conformers by the minimization of the target 
function are classified into two groups. The difference of 
structures of the conformers comes mainly from the difference of 
the orientation of the side chain of the tyrosyl residue. The 
results show that the solution st~ucture of conot6xin GI 
satisfies the conformational requirements for the biological 
activities of the antagonist to nicotinic cholinergic receptors 
elucidated from a series of studies on alkaloids~ The structure 
is discussed f~om the aspect of the comparison to the atomic 
arrangements of the active site of snake venom peptides and to 
the molecular models based on the secondary structure prediction. 
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[Introduction] 
Fish-eating marine snails of genus Conus produce several 
classes of toxic peptides which are specifically bound to key 
elements in nerve and muscle cell membranes resulting in 
successive blocks of a series of the neuromuscular systems of 
fish(1-5). They are named as conotoxins and classified into three 
larg~ groups: a-conotoxins are presynaptic(6,7), w-conotoxins are 
postsynaptic(8,9) and ~-conotoxins are muscle channel 
inhibitors(10). Gray et ale have made a systematic study of these 
peptides and shown their common features that they are relatively 
small peptides of 13 to 29 amino acid residues and include 2 to 3 
disulfide bonds. As a-conotoxins, three related peptide toxins 
consisting of 13 to 15 amino acid residues were isolated from the 
venom of Conus geographus and shown to block synaptic 
transmission by binding to the acetyl choline receptor to cause 
paralysis(11,7). These three peptides, designated conotoxin GI, 
Gla and GIl were chemically synthesized and the modes of their 
disulfide formations were revealed(12,6). 
The molecular conformation of conotoxin GI was proposed by 
model buildings through the secondary structure analysis with 
circular dichroism (CD) measurements and Chou & Fasman's way of 
prediction(13-15). 
Its toxic activity is similar to those of snake a-
neurotoxins with 60 to 70 amino acid residues(16,17). These 
toxins have been well investigated in relation to curare-like 
alkaloids which show a potent activity to block the nicotinic 
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acetylcholine receptor (18,19). Comparing to their structures it 
has been suggested that there is a strong resemblance between 
the conformation of conotoxin GI and those of the reactive 
centers, so called active tips, of snake a-neurotoxins(20-23). 
In order to testify the structure of the model, we have 
determined the three-dimensional structure of conotoxin GI in 
solution. The strategy to elucidate the structure is the combined 
use of 1H-NMR and a distance geometry algorithm(24- 2 6). The 
result of this small peptide with such a remarkable activity 
should provide a good explanation for the structure-activity 
relationship of conotoxin GI. 
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[Materials and Methods] 
Sample: Conotoxin GI of which amino acid sequence is shown 
in Fig.1 was synthesized and demonstrated its activity as 
described previously. (11,12). The chemical synthesis provided an 
enough amount of sample for NMR measurements, especially for two 
dimensional NMR. Deuterated dimethyl-sulfoxide (DMSO-d6) was used 
as the solvent and the concentration of the solution was 8 mM. 
NMR spectroscopy: Proton NMR spectra were recorded at 500MHz 
on a JEOL GX-500 spectrometer. Two-dimensional spectra of Nuclear 
Ov'erhauser Effect Spectroscopy (NOESY) (27), Double Quantum 
Filtered Chemical-Shift Correlated Spectroscopy (DQF-COSY) (28) 
and Homonuclear Hartmann-Hahn Spectroscopy (HOHAHA)(29) were 
recorded in the phase sensitive detection mode by the method in 
four quadrants proposed by States et al(3 0 ). The NOESY spectra 
were recorded with various mixing times, 100, 120 and 200 ms, for 
evaluation of the effects of spin diffusion and coherent 
magnetization transfer. The HOHAHA spectra were also recorded 
with various mixing times, 25.1, 43.0, 65.5 and 95.5 ms, to 
follow successively direct, single and multiple relayed through-
bond connectivities.The size of the data in time domains were 2K 
points for the t2 direction and 256 points for the t1 direction. 
The digital resolutions in NOESY and HOHAHA spectra were 10.74 
Hz/point in the w1 direction and 5.37 Hz/point in the w2 
direction. These were obtained by zero filling in the 11 
direction. All NMR measurements were carried out at 20 oC. 
Calculations: In order to calculate the conformation which 
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satisfies the distance constraints between paired protons in the 
molecule, the minimization of the variable target function was 
carried out with the program, DADAS, as described by Braun & Go 
and Ohkubo et al(25,26). The mainframe computer ACOS 2000 at the 
computer center of Osaka Uni versi ty was used. Analysis of the 
structures and molecular drawings were carried out with the 
program, VENUS, for ACOS 900 computer at the Crystallographic 
Research Center, Institute for Protein Research of Osaka 
University(31). 
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Amino acid sequence 
geographus(11,12). 
of conotoxin GI from Conus 
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The NH-aliphatic region of the HOHAHA spectrum of 
conotoxin GI in DMSO-d6. 
Horizontal lines show the intraresidual spin-coupling 
connectivities. The backbone NH's of Glu1 , Arg9 , and 
His 11 are missing. The connectivity among Arg9 is 
demonstrated with N£H~CoH. 
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[Results and Discussion] 
Assignment of the lH nmr spectrum. 
The sequence specific resonance assignment procedure which 
was introduced by WUthrich et ale was used to make whole peak 
assignments as follows(32). 
First, amino acid spin systems were identified by surveying 
direct and relayed through-bond connecti vi ties in the DQF-COSY 
and the HOHAHA spectra. Fig.2 shows the NH-aliphatic region of 
the HOHAHA spectrum. The series of HOHAHA spectra contributed 
generally to delineate the spin-coupling connectivities more than 
DQF-COSY spectra. Thus, the latter were used rather 
complimentarily. 
The protons of aromatic rings of His 10 and Tyr 11 were 
identified by the through-space connectivities to each Cs protons 
in the NOESY spectra. The amide protons of the side chain of Asn4 
and the C-terminus of the peptide were also connected to the 
corresponding Cs protons of Asn4 and Cys 13 respectively in the 
NOESY spectra. The OH proton of Ser12 and the z-NH 2 proton of 
Arg9 were missed in all spectra. These signals might be broadened 
because of a fast exchange of such a labile protons with those of 
water which existed in DMSO in an extremely small quantity. The 
backbone NH's of Arg 9 and Tyr 11 were detected only in the 
sequential Nuclear Overhauser Effect (NOE) connectivi ties with 
the corresponding Ca protons of Gly8 and His
10
, respectively. The 
individual protons belonging to Glu1 , Pro 5 , Ala6 , Gly8, Arg9 and 
Ser12 were easily assigned by judging from their coupling 
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profiles. Because, the spin systems of these six residues are 
unique respectively in the molecule, so that their coupling 
patterns are distinguishable from the others. 
Next, the assignments of the resonances of remaining 
residues including four cysteinyl residues were carried out by 
the mean of the sequential assignment using NH-CaH, NH-NH and NH-
CaH protons connectivities. Fig.3 shows the NOESY-COSY 
connectivity diagrams where the assignment pathway is 
demonstrated by indicating alternatively COSY connectivties, NHi -
CaHi' and NOESY connectivities, CaHi-NHi+10 Although the network 
is interrupted at Asn4 because of lack of NH in Pr05 , there is a 
through-space connecti vi ty between the Ca proton of the former 
and the Co protons of the latter. Table I shows the list of 
resonance assignments. 
Some satellite signals were detected in the spectra as 
indicated in Figs.4 and 5. Fig.4 which is a part of the HOHAHA 
spectra shows that Pr0 5 and Ala6 exist in two states. Each minor 
peak was assigned respectively by their unique spin systems. 
Differences of chemical shifts of each satellite peak to those of 
the corresponding major peaks are so small except for those of Ca 
protons that the existence of isomer was only detectable in the 
two dimensional spectra. 
There were no NOE connectivities detected between major and 
minor peaks in NOESY spectra even with long mixing time, 200 
msec. Thus the conformational exchange between these isomers 
should be slow. Although any satellite signals at Asn4 was not 
detectable, such a kind of interconversion is generally 
attributable to the cis-trans isomerization at X-Pro peptide 
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Fig. 3 NOESY-COSY connectivity diagram for sequential 
assignments. The lower right triangle was taken from 
the COSY spectrum of conotoxin GI in DMSO-d6 solution. 
The cross peaks corresponding to intraresidual spin 
couplings between CaH and NH are labeled. Such cross 
peaks of E1, P5, R9, and Y11 are missing. The upper 
left triangle was taken from the NOESY spectrum of 
same sample with a mixing time of 120 ms. The cross 
peaks corresponding to NOE connectivities between CaHi 
and NH i +1 are labeled. The assignment pathway is demonstrated by indicating alternative connectivities 
of COSY and NOESY. These are interrupted at N4-P5, 
G8-R9, and H10-Y11 because of the lack of NH' s. The 
NOE connectivities between NH i -NHi +1 were used in the junctions at A6-C7 and C7-G8. 
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Glu 1 
Cys 2 
Cys 3 
Asn 4 
Pro 5 
Ala 6 
Cys 7 
Gly 8 
Arg 9 
His 10 
Tyr 11· 
Ser 12 
Cys 13 
NH 
8,27 3.78 
8.36 
8.95 4.54 
9.28 4.49 
7.13 - 4.94 
4.00 
8.79 4.01 
8.02 
7.71 
8.10 
8.74 
4.05 
3.54 
3.92 
4.07 
4.62 
4.25 
4.18 
4·41 
1 .96 
2.01 
2.52 
3.77 
2.82 
3.19 
2.56 
2.71 
1 .78 
2.23 
1 .28 
2.75 
3.36 
1 .52 
1 .66 
3.03 
3.30 
2.79 
2.89 
3.61 
3.50 
2.56 
3.07 
2.38 
1 .88 
1 .97 
1 .31 
1 .46 
7.49 
8.11 
3.68 
3.77 
3.08 7.79 
7.26 8.95 
OH 
6.96 6.54 9.12 (7.05) (6.64) (9.21) 
7.15 
7.39 
Table I The list of the resonance assignment of conotoxin GI in 
DMSO-d6 at 20 o C. All values of chemical shift are 
indicated by ppm from tetramethylsilane. Numbers in 
parentheses indicate the chemical shifts of satellite 
signals. 
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Fig. 4 
Fig. 5 
PPM 
I I I i 
2.5 2.0 1.5 
c{J* Ala 
c:[g* * * c{J* 
-or cr c, f)-e>-~ 
Pro cp Cr cr c{J ~ ~ ~ c. c« @ ce1J-[)-~ 
.E1 '\J g ~ D o~ ~ ~Oo ~ cQb o D % 
~ ~~.~ 
0 
Part of aliphatic region (w2 1.25 - 2.55 ppm, w1 3.65 -
4.45 ppm) of the HOHAHA spectrum of conotoxin GI in 
DMSO-d6' Horizontal lines at 1.7 - 2.4 ppm connects the 
two spin coupling networks of the pyrrolidine ring 
corresponding to the maj or and minor peaks of CaH of 
Pro 5 • The peaks of the minor component are indicated 
by (*). The peaks around 1.3 ppm are CaH corresponding 
to the major and minor peaks of Ca of Ala6 . 
Tyr Tyr 
C3,5 
n 
Part of the one-dimensional spectrum of conotoxin GI in 
DMSO-d6. The signals of aromatic CH and OH protons of 
Tyr 11 ~re shown with their satellite signals 
indicated with (*). A paired signals' at 7.18 and 7.35 
ppm could not been aS5~gned. 
bond(33,34). 
Other satellite signals were found at Tyr11. As shown in 
Fig.5, the signals of aromatic and OH protons carried satellite 
signals beside the maj or peaks. The isomerization around Tyr 11 
residue is not clear so far. This could not be attributed to the 
prolyl cis-trans isomerization because the ratios of the peak 
intensities are quite different from the cases of Pr0 5 and Ala6 . 
Such an isomerization around the Tyr residue was also found in 
the NMR spectra of conotoxin MI which is a homologue of conotoxin 
GI produced by Conus magus. The 1H- NMR spectrum of conotoxin MI 
showed such sa telli tes of which intensities depend largely on 
solvent and temperature and no NOE connectivi ties was detected 
among major and minor peaks of Tyr 12 residues of conotoxin 
These phenomena which should be a ttri buted to some 
isomerization had been detected in the HPLC profiles of conotoxin 
MI as well(36,37). The detail of the isomerization of conotoxin 
GI relating to conotoxin MI is under investigation. 
Another paired peaks at 7.18 ppm and 7.35 ppm as indicated in 
Fig. 5 were observed. However, the assignment of these peaks was 
not possible, because there were no connectivities detected with 
these peaks as if they are isolated from all of others. 
Judging from these findings, there should be two kinds of 
conformational isomerizations about conotoxin GI in DMSO. 
However, the rates of interconversions were so slow that any 
correlation peak between the isomers was not detected in the 
NOESY spectra, and the intensities of the satellite peaks were 
qui te weak. Furthermore the conformational isomeriza tions are 
localized. Thus, all these isomerizations were neglected in this 
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structure determination. 
Secondary structure 
Because conotoxin GI is so small and tightened by two 
disulfide bonds, any common secondary structure could not be 
expected so much. However, Hider pointed out by curve fitting of 
the CD spectrum of conotoxin GI that the spectrum shows a high a-
helical content up to 50%. He carried out- the secondary 
structure prediction with the modified Chou & Fasman's method and 
postulated the structure placing a helical region between Cys6 to 
His 10 without interruption by two disulfide bonds and Pr0 5 
residues(13). 
The regular secondary structure elements of polypeptides are 
able to be elucidated by analyzing the sequential and medium 
range NOE's(38). By investigating such NOE's which were found in 
the NOESY spectra of conotoxin GI and are summarized in Fig.6, 
its secondary structure in solution was surveyed to test such a 
postulated chain folding. In the NOESY spectra, strong NOE's 
between CaH(i) and NH(i+1), daN' were detected at the residues of 
i=1,2,3,9,11 and 12. These NOE's are indicative that these 
segments of polypeptides are almost in fully extended or in S-
sheet structures. Weak daN NOE's were detected at the residues of 
i=5,7 as well. Strong NOE's between NH(i) and NH(i+1), d NN , were 
found at residues of i=6 and 7 and weak NOE's were at i=3. The 
d NN NOE's indicate the local arrangements of conformatiqn in a-
helix or in a turn I structure. Weak NOE between CaH(i) and 
NH(i+2) was detected at the residues of i=6. These profiles of 
sequential and medium range NOE connectivities in the range 
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daN (i,I+2) 
dpN 
dNN 
daN 
V1 
Iv..> 
Fig. 6 
-E C C N P A C G R H Y S 
1 5 10 
Sequential and medium range NOE's detected in the NOESY 
spectrum of conotoxin GI. daN means NOE between CaH(i) 
and NH(i+1) where i is the residual number. d NN means 
NOE between NH(i) and NH{i+1) and daN between CaH{i) 
and NH{i+1). The thickness of lines represents the 
relative intensities of cross-peaks in the NOESY 
spectrum. 
C 
between 5 to 8 suggest that a turn I structure should exist in 
this region. This region corresponds to the segment of which 
secondary structure was predicted to be an a-helical conformation 
by Hider(13). 
The other combination of weak daN and d NN suggest another 
turn I structure in the sequence around 3 to 4 as well. The 
existence of turn I structures was predicted by Gray et ale in 
the regions at Asn 4 to Cys7 and Gly8 to Tyr 11 by Chou and 
Fas~an's way(14,15,39). 
In this stage, it could be said that the places where 
ordered structures, a-helix or s-turn, had been predicted 
correspond roughly to the two regions where turn I structures 
were found through the NOE connectivities. predicted. 
Distance constraints 
The inter-residual NOE connectivities which were detected in 
the NOESY spectra and used for the calculation are presented in a 
diagonal plot in Fig.7. 
The intensities of the NOE peaks were translated to 
corresponding atomic distances in the following way(24). 
The observed NOE's were classified into two groups, i.e. 
short range NOE' s --- which are intra-residual NOE' s and those 
between backbone hydrogen atoms and Cs protons of the adjacent 
residues --- and long range NOE's --- which are those between the 
remaining pairs of protons. The intensities of short range 
NOE's were interpreted by a rigid model. In this model, the 
fluctuation of the distance was assumed to be so small that the 
intensity of an NOE should be related to the atomic distance 
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Q) 
:::J 
-0 
--U) 
Q) 
a:: 
Fig. 7 
1 
5 
10 
1 5 10 
Residue 
Diagonal plot of the NOE connectivities used as distance 
constraints in the conformation determination of 
conotoxin GI in DMSO-d6. Both axes represent the 
amino acid sequence. Open squares indicate that NOE' s 
between backbone protons of two residues corresponding 
to each sequential location were observed. Squares 
with cross indicate NOE's between a proton of a residue 
and a side chain proton of another residue. Inter-
residual side chain - side chain NOE was not detected. 
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according to an equation of the general form, NOE ~ 1/r6. 
By counting the contour lines in contour plots of the NOESY 
spectra, the short-range NOE' s were classified as weak, medium 
and strong, and the corresponding upper distance constraints were 
calibrated relative to the standard distance so as to be 3.5, 3.0 
and 2.5A respectively(40 ). The standard to calibrate relative 
intensities was provided by the intensity of the NOE between two 
Csprotons of a Cys residue that showed the strongest NOE 
intensity among all pairs of C
s 
protons. The distances between 
these protons were estimated to be 1.75A. The upper distance 
constraints between the paired atoms which show long range NOE's 
were assumed to be 4A adopting the idea of the threshold value of 
distance where NOE first was detected. Such a treatment of the 
long range NOE's was discussed previously(26). 
The lower distance constraints were assumed throughout to 
o 
be the sum of the core radii of the two protons, i.e., 2.0A. The 
additional distance constraints were provided by the two 
disulfide bonds. When some of NOE peaks for side chain protons 
are not able to be assigned stereospecifically, the 
interpretation of these NOE's were carried out by using so-called 
pseudoatoms as reference points for distance constraints 
following the way suggested by WUthrich et al(32). 
Distance geometry calculation 
In order to elucidate the three dimensional structure of 
conotoxin GI in solution on the basis of experimental interproton 
distances determined by NOE measurement, Braun and Go's method 
was used(25). It consists of the minimization of the square sum 
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of the differences between atomic distances in the calculated 
structure and the corresponding distances obtained from NOE 
information was used as follows. The details of the procedure are 
available in the previous paper with the example of applications 
on a toxic peptide, STh(26). 
First, the following error function T for a given set of 
constraints is determined as target function to be minimized. 
( 2 2)2 (2 2)2 T = ~' ~j - rij +~' Lij - rij +~' [(. + .)2 _ .2.]2 
i..J u.~ i..J L? i..J W S, s) r,) 
') ') 
where rij' Uij and Lij are interatomic distance between atoms i 
and j, upper and lower constraints of corresponding rij' 
·respectively. siand ~j are repulsive core radii of i and j 
a toms. r' means summation only over the terms that viola te , 
distance constraints and w is the relative weight of the third 
term to the first and the second terms. 
Next, an initial conformation is generated using random 
values of dihedral angles and rij are calculated. Then the target 
function is minimized by changing the values of the dihedral 
angles, and with fixed values of bond angles and bond lengths of 
peptide residues. In order to avoid the multiple minimum problem 
during the minimization, the distance constraints were applied 
stepwise according to the difference between residue numbers to 
which each of the paired protons under consideration belongs. By 
starting from the conformation obtained at the previous stage, a 
.series of the minimizations are carried out with constraints 
between further residues along the primary structure. 
These calculations were carried out with the computer 
program, "DADAS" , written by Braun and G5(25). 
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Results of the calculations 
-- --- ~~~~~~~
Starting from a hundred of initial conformations which were 
chosen individually and randomly, an assembly of a hundred 
conformers were obtained by the repetition of the calculations. 
Although the value of the target function T should vanish if the 
resulting conformation satisfies the all constraints, each 
resulting conformer remains actually some values for the target 
function at the final stage of each series of minimization. These 
values indicate how each conformer satisfies the constraints. The 
resulting conformers were numbered as I, II, III, •.. according to 
the residual value of the target function from the smallest 
value. Ten conformers from I to X which satisfies the constraints 
well were picked up and compared to judge how these structures 
converge to each other. The convergence was examined in the term 
of root-mean square distances (rmsd) among each of the ten 
conformers. 
The analysis of these rmsd values reveals a following 
interest relationship among the conformers. As shown in Table 2, 
they are classified into two groups, A and B. Group A consists of 
the conformers I, IV, V and IX and group B consists of the 
conformers II, III, VI, VII, VIII and X. Although the average 
value of the rmsd calculated for back bone atoms among all ten 
o 
conformers is 2.32A, that among the conformers of group A is 
o 0 
1.58A and 1.45A for group B. These values calculated for all 
"" 0 
atoms are 3.54A, 2.52A and 2.61A, respectively. This fact shows 
that the minimization lead two kinds of conformations. The 
difference of conformations between the two groups look to come 
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VI 
~ 
I 0.24 * 2.46 2.21 2.73 4.69 4.91 '4.80 4.86 
IV 0.39 1 .77 * 1 .67 3.30 4.30 4·55 4·04 4.09 
V 0.47 1 .48 1 .05 * 2.93 4.15 4.41 3.90 4·14 
IX 0.57 1 .77 2.13 1 .67 * 3.90 3.70 4.80 4.35 
II 0.29 3.90 3.16 3.18 2.78 * 1 .74 2.98 2.61 
III 0.29 3.62 2.92 2.94 2.36 1 .06 * 3.26 2.30 
VI 0.50 3.56 2.61 2.66 2.93 1 .62 1 .70 ~f 2.34 
VII 0.56 3.69 2.61 2.82 2.91 1 .64 1 .46 1 .13 * 
VIII ,0.56 3.63 2.97 2.94 2.91 1 .89 1 .65 1 .43 1 .73 
X 0.59 3.53 2.60 2.60 2.88 1 .67 1 .77 0.35 1 .21 
I IV V IX II III VI VII 
Table II Root-mean square distances (rmsd) among ten conformers 
with the lowest ten residual values of the target 
function. First column shows the residual values of 
the target function. The lower-left triangle shows 
the rmsd calculated for the backbone atoms and the 
upper-right triangle shows the rmsd for all atoms. (Al 
4.74 4.57 
4.25 3.82 
3.99 3.73 
4.67 4·40 
3.22 2.93 
3.38 3.36 
2.13 1 .63 
3.13 2.42 
* 2.34 
1 .43 * 
VIII X 
mainly from the different orientation of the side chain of Tyr11. 
The reason why the minimization led to converge into two 
conformers are not clear so far. However the main reason should 
come from the lack of NOE connectivities found around Tyr 11 
residue. The work to investigate the dynamics of this molecule is 
under the course. In this stage both conformers should be 
candidates of the conformation of conotoxin GI~ 
The resulting conformers of each group are illustrated 
respectively in Figs.8 and 9 by drawing the bonds connecting the 
backbone atoms, N, Ca and C' atoms superimposed to get the best 
fit in the space. 
Conformation of conotoxin GI in solution 
The aim of this structural study is to provide informations 
for structure-acti vi ty relationships of conotoxin GI. Al though 
there have been discussions of the structure resemblance between 
conotoxin GI and other toxins in literatures, they are based on 
hypothetical structures of conotoxin GI derived by Chou and 
Fasman's way of the prediction. Using the structure presented in 
Figs.8 and 9, even with the limitation that DMSO was used as 
solvent, we can now testify these hypothetical structures and 
cultivate a better understanding the structure-activity 
relationships. 
A series of alkaloids, which block the neurotransmission at 
the nueromuscular junction, for example, d-tubocurarine and C-
alkaloid E, have been investigated extensively by X-ray analysis 
and the structural requirements of such antagonists to the 
nicotinic cholinergic receptors for the physiological acti vi ty 
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Fig. 8 The backbone conformations of the four conformers; I,IV, 
V and IX of group A, of conotoxin GI calculated by DADAS 
plotting only backbone atoms N, Ca, C' and the sidechain 
of Glu1 ,Arg9 ,His10 and Tyr11 were drawn in bold lines. 
The structures were superimposed so as to get the best 
fit in the space. 
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Fig. 9 The backbone conformations of the six conformers; II, 
III, VI, VII, VIII and X of group B, of conotoxin GI 
calculated by DADAS. Plotted as the same way in Fig. 8. 
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are elucidated by Pauling and Petcher (18) as follows, (i) rigid 
conformation (ii) two quaternary nitrogen atoms separated by 10.8 
o 
~ 0.3A (iii) a sufficient degree of lipophilicity in the gap of 
the two cationic centers (i v) oxygen atoms disposed to aid the 
molecular orientation. 
It was demonstrated that these requirements could be 
satisfied in the case of neurotoxic polypeptides of snake venoms 
by Dufton and Hider. They pointed out that the active tip of 
erabutoxin b, one of snake venomes, could have a disposition of 
amino acid side chains to fit these requirements as that Arg33 
and Lys 47 play the cationic centers and Phe32 and Tyr29 provide 
the lipophilicity(20,19). Such a disposition itself is not found 
in the structure determined by X-ray analysis of the crystal of 
erabutoxin B(41 ). They postulated the existence of some flip-flop 
movements around the active tip in solution to modify the 
structure so as to explain the resemblance of their activities. 
The modification of the structure standing on the conformational 
equilibrium in solution was supported by a certain degree of 
flexi bili ty of the conformation of the neurotoxic peptide 
detected by NMR and CD studies(19,21,22). 
Concerning invariant residues and the predicted secondary 
structure of a-conotoxin, and the resemblance of the neurotoxic 
activities of conotoxin GI to those of snake venoms, it was 
postulated that the N-terminus of Glu1 plays one of the cationic 
center, the side chain of Arg9 plays another cationic center and 
His 10 and Tyr11 stand between these two centers(13). 
The spatial arrangements of these four amino acid residues 
of conotoxin GI in the calculated structures are shown in Figs.8 
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and 9. It is obvious that the arrangements of these residues in 
the structures of group A in Fig.8 fit surprisingly well to the 
postulated arrangement. In Fig.10, the space filling drawing of 
the conformer I is given as a representative conformation of 
group A. 
The structures of B in Fig.9 gives better agreement with the 
model of conotoxin GI built by Gray et ale according to the 
prediction of secondary structure which shows a strong 
resemblance to that of the active tips of erabutoxin B (14) . 
Al though the backbone structures look like quite similar each 
other, there are, of course, disagreements found in details which 
must come from the overestimations during the prediction. A salt 
bridge between the side chains of Glu1 and Arg9 postulated in the 
model was not found in the calculated structures so that its 
,. 
forma tion should have rather low probability" There might be an 
explanation of the difference that the solvent used in this 
structure determination was DMSO while the prediction was carried 
out in the expectation of an aqueous solution. In fact, the pH 
titration experiment on the aqueous solution of conotoxin GI did 
not give any indication of such a salt bridge(35). Although the 
presence of regularly tight turn conformation in the calculated 
structure is not so clear, the manner of the chain fold of the 
backbone looks essentially consistent to that of the model which 
was determined by Gray et ale so as to form two s-turns 
initiating at Asn4 and Gly8. The profile of NOE connectivities in 
the NMR spectra of conotoxin GI and the dihedral angles of the 
backbone chains of the calculated structure indicate that some 
highly constrained structures exist around the segments where S-
64 
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Fig. 10 
(b) 
The space filling drawing of conformer I of with lowest 
value of the target function of DADAS as a 
representative structure of conotoxin GI in solution. 
The four residues related to conformational requirement 
for biological activities, Glu1 , Arg9 , His10 and Tyr11 , 
are shadowed. (a) is the front view of the molecule 
where these four residues were localized and (b) is the 
reverse view. 
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turns were postulated. They suggest also that the possibility of 
the presence of a-helical conformation in the region between Ala6 
to His 10 which was predicted by Hider to explain the CD spectrum 
of conotoxin GI indicating the high a-helical content up to 50% 
should be low. The CD pattern could reflect some partial 
arrangements of dipole moments of peptides in the constrained 
segment. 
While there remain some ambiguities in the detailed 
structure because of rather poor convergence, we have thus 
demonstrated that the conotoxin GI takes a spatial atomic 
arrangement in solution essentially similar to those of a series 
of alkaloids of antagonists to the nicotinic cholinergic 
receptors. These similarities are of the same sort which were 
postulated by Dufson and Hider in the cases of neurotoxin 
peptides of snake venoms. 
In order to obtain further information of structure-activity 
relationship of neurotoxin we are now in the course of structure 
determination of chemical derivatives of conotoxins GI and MI of 
which biological activities have been investigated by comparing 
with those of native ones. These results should provide some 
information of nicotinic receptors as well. 
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CHAPTER III 
A Comparison of the Polypeptide and Protein Structures 
Determined by Three Different Methods; 
DISGEO, DADAS and CHARMM 
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[Summary] 
The reliability and limitation on the determination of 
solution structure are discussed through the comparison of three 
algorithms summarized representatively in the corresponding 
computer programs ; DISGEO, DADAS and CHARMM. Comparisons among 
these three computer programs with the same input data which have 
not been reported so far, are carried out here with the input 
data derived from experimental NOE data for a peptide ; conotoxin 
GI, and from a set of simulated distance constraints for a 
protein; Tendamistat. From the aspect of the application merits 
and demerits of each method are discussed in the case of 
structure determination by NMR. 
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[Introduction] 
Various spectroscopic measurements offer informations 
related to mutual distances between atoms and dihedral angles. 
These data have made it possible to construct the solution 
structure of protein or polypeptide with model building or 
computer calculation. In order to realize it several approaches 
are available up to date(1-3). Distance constraints between 
pairs of protons obtained from nuclear Overhauser effect (NOE) 
measurements(4) play an inevitable role in these approaches. In 
contrast to X-ray diffraction anaiysis which usually offer 
unique structure, solution structures are represented as an 
assembly of the various conformers. They should be consistent 
with the boundary of the conformational space of the allowed 
structure in solution defined by NMR data(5). In this study we 
attempted to discuss about the reliability and limitation on 
solution structure determination with these methods through the 
comparison of three representative ones summarized in the 
corresponding computer programs 
CHARMM(11-13). 
DISGEO(6-8), DADAS(9,10) and 
DISGEO was written by Havel et al(8). The algorithm of this 
program is based on the Crippen's metric matrix method(14,15) in 
which di'stances between all pairs of a toms are converted into 
atomic coordinates and expanded in DISGEO to treat the imprecise 
distance data which are, for example, obtained from NMR 
experiments. DADAS was wri tten by Braun and Go (9). In this 
program, least-square minimization of a suitable target function 
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which is a measure how good the distance constraints are 
satisfied, is performed in the dihedral angle space. In order to 
avoid local minima, the target function itself is treated as 
variables. CHARMM is a set of programs written by Karplus et 
al(16). It is equipped with the facility of restrained molecular 
dynamics which is used in this study. Restrained molecular 
dynamics(11,12,17) dissolve the classical equations of motion in 
the molecule and to trace the trajectory of the molecular motion 
under the condition where distance constraints are incorporated 
into the total energy function as pseudo .potentials. The 
application of CHARMM program to analyze the NMR data to 
elucidate the conformation of macromolecules was done by Clore et 
al(13,18). 
Comparison between DISGEO and CHARMM with a simulated NMR 
data from crambin crystal s~ructure has been reported by Clore et 
al(19). One between DISGEO and DADAS with experimental NMR data 
of bovine pancreatic trypsin inhibitor (BPTI) has been reported 
by Wagner et al(20). Comparisons among these three computer 
programs with the same input data which has not been reported so 
far, are carried out here with the input data derived from 
experimental NOE data of a peptide; conotoxin GI(21), and from a 
set of simulated distance constraints of a protein 
Tendamistat(22). 
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[Materials and Methods] 
Conotoxin GI and Tendamistat ~~~=== -- --- ~====~~~ 
Conotoxin GI was isolated from the venom of Conus geographus 
which is a fish-eating marine snails of genus Conus and shown to 
block synaptic transmission by binding to the acetyl choline 
receptor to cause paralysis (21). It was chemically synthesized 
and the mode of their disulfide formations were revealed ( Cys2-
Cys7 and Cys3-Cys13 )(23). 
The a-Amjlase inhibitor, Tendamistat from Streptomyces 
tendae binds tightly to mammalian ~-amylase(22). Tendamistat of 
74 amino acid residue has two disulfide bridges ( Cys11-Cys27, 
Cys45-Cys73 ) and the proposed active-site residues, Trp18 -
Arg19 - Tyr20. This is also well known by the fact that the 
conformational studies on this sample has been carried out 
independently and in parallel by the two techniques ; X-ray 
diffraction(24) and NMR(10), and showed a good agreement (Fig. 
1 ), especially a close correspondence in the chain fold, both 
results (Fig 1). The profile of the chain fold of Tendamistat(24) 
is that the two twisted ~-sheetsof three anti-parallel strands 
each are gathered to form a ~-barrel . A sheet is consisted of 
the strands 11 to 17 (I), 19 to 26 (II) and 51 to 57 (V), and 
another in the opposite side is consists of the strands 64 to 73 
(VI), 30 to 37 (III) and 40 to 49 (IV). There are three b-turns 
at 17-20, 37-40 and 49-52. 
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B 
28 28 
Fig. 1. Stereo drawings of the backbone structures of 
a-amylase inhibitor Tendamistat in solution and crystal as 
determined by NMR (a) and X-ray diffraction techniques (b). 
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Input distance constraints 
Conotoxin GI 
The distance constraints of conotoxin GI derived from actual 
NOE data observed in a NOESY spectrum(25) of mixing time 120 msec 
are shown in Chap II. A total of 81 NOE's were collected; that 
is, 22 NOE's between intraresidual protons, 31 NOE's between 
protons of neighboring residues and 28 NOE's between non-adjacent 
residual proton's. NOE's which are between intraresidual protons, 
and between backbone hydrogen atoms and CB protons of the 
adjacent residues were treated with the rigid model and 
interpreted to upper distance constraints of 2.5~, 3.0~ and 3.5~ 
according to their intensities. For the other NOE' s, distance 
constraints were set to 5.0~(5,31). Additional distance 
constraints for the formation of the two disulfide bridges of 
2.04~ on the S-S distance and of 3.05~ on the S-CB distances 
across each bridge were used(26). 
Tendamistat 
The distance constraints of Tendamistat were derived from 
X-ray crystal structure(24) by following procedure. In order to 
obtain the simulated distance constraints which could in 
principle be collected in the NOESY spectra, first hydrogen atom 
must be attached to crystal structure, and then the problem of 
prochiral protons and resolution and precision of the NOESY 
experiment should be taken into account. Hydrogen atoms were 
added to the crystal structure of Tendamistat using a standard 
procedure of the regularization(9) with the standard geometry of 
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the amino acid residues in the Empirical Conformational Energy 
Program for Peptide (ECEPP)(26,27). In the course of the 
regularization, all variable dihedral angles including w were 
treated as variable and the positions of unconstrained protons 
were determined at the stereochemically comfortable one. Root-
mean-square distance (r.m.s.d.)(28) of the backbone atoms between 
regularized and crystal structure was within 0.1 ~ for backbone 
atoms. As an NOE should be observable when the corresponding 
distance of proton pair is at most within 4~ or 5~(29), only 
distances less than 4~ among number of proton distances from the 
regularized crystal structure were in consideration. In the case 
of groups of protons for which stereospecific assignments are 
impossible in the standard procedure, such as methylene protons, 
peripheral two amide protons, methyl protons, and aromatic 
protons of Tyr and Phe(1), «r-6»1/6 mean distances were used in 
the evaluation of distances(30). A «r-6»1/6 mean distance is 
represented as follows: 
«r-6»1/6 = rl( rij-6/ n )-1/6 
where n is the number of protons in the group. 
First, all of the labile protons which are expected to 
vanish in the aqueous solution, were omitted in the list(1). 
·Furthermore, for the case of proton pairs which involved at least 
one amide, aromatic or methyl proton, distances within 4.0A were 
picked up and for the other case distances within 3.0A were 
picked up. This reflects that 1H-NMR peaks of these protons are 
expected to locate at well separated regions and easily assigned 
in the two-dimensional NMR spectra. At this stage, total number 
of distance constraints derived from crystal structure of 
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Tendamistat was 960. Since this number might exceed the one found 
in the NOESY spectra of such a protein, we diminished the number 
of constraints in order of 401, which was reported in the paper 
of solution structure determination of Tendamista t with NMR 10. 
After all, a total number of 452 distance constraints was used 
for the input data of each programs which include 75 intra-
residue distance constraints, 142 sequential distance constraints 
and 235 non-adjacent residual distance constraints. As the nature 
of the distance evaluation from NOE intensity is semi-
quanti tative, the intra and sequential distances were divided 
into three classes; for all distances within 2.5~, upper distance 
constraints were set to be 2.5~, for those from 2.5~ to 3.0~ were 
to be 3.0~ and for those from 3.0~ to 4.0~ were to be 4.0~. 
These distances were corresponding to strong, medium and weak 
NOE's. For all distances between non-adjacent residual protons, 
distance constraints were set to 4.0~(31). That takes account of 
the fluctuation of distances between far separated protons along 
the primary structure. 
Computational methods 
Metric matrix method 
In metric matrix method, distances between all pairs of 
atoms are converted into atomic coordinates elegantly by use of 
the metric matrix(14,15). The metric matrix G for an actual 
molecule with N atoms is defined by 
Gij=ri ·rj (i,j=1, ... ,N) 
where ri represents the vector from the geometric center of mass 
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to atom i. Thus Gij is an N x N symmetric matrix. The matrix Gij 
is calculated from the distances between atoms i and j, d ij as 
follows: 
Go ° 11 
1 N 
= - Ed· . N j 1J 
1 N N 
2 L kLdJok 2N j 
Gij = ~(Gii + Gjj - d 2ij ) 
A spectral representation of metric matrix by diagonalization is, 
where Aa is the eigenvalue and Ea corresponding eigenvector. 
A comparison of the two different representations of Gij leads to 
If all distances between all pairs of atoms are exactly known, 
the metric matrix has the important properties of rank 3. This 
means that number of non-zero eigenvalues is three. Then 
coordinate of atom; (xi' Yi' zi) is embedded as follows; 
Therefore atomic coordinates can be calculated from interatomic 
distances. This procedure is usually named as embedding. 
But distance information elucidated from NMR measurements 
takes a form of a distance constraint and is obtained only for a 
small subset of all possible atom pairs. Therefore it is an 
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unrealistic assumption to know all the distances from NMR data 
exactly. In DISGEO program(6,8), this problem was solved as 
follows. To calculate a metric matrix, distances are chosen at 
random wi thin the given distance constraints. A distance large 
enough to cover whole molecule is set to upper distance 
constraints for the interatomic distances of which distance 
informations are not available from experimental data. The range 
of distance constraints is narrowed by ,lowering the upper bounds 
and raising the lower bounds using following triangle 
inequalities(5). 
U 0 o<U °k+U Ok J.J J. J 
Lo o>Lok-U ok J.J J. J 
Actually rank of a metric ma trix calculated from randomly 
chosen distances is not three so that the approximation of the 
three greatest eigenvalues is used in the embedding procedure. 
Least-square minimization method 
Least-square minimization method(5) minimize a suitable 
. target function. In order to obtain the structure which satisfies 
imposed distance constraints , an arbitrary molecular structure 
is generated and is changed the conformation in such a way that a 
target function becomes zero. The target function is a measure of 
how good the distance constraints are satisfied. Braun and Go 
defined the following error function as a target function to be 
minimized.(5) 
2 . 2 2 
. T= ~,( U 0 0 -r 0 0) + 
t. J.J J.J 
where E' means summation only over the terms which violate 
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distance constraints, and si' Sj are repulsive core radii(5) of i 
and j atoms , and w is a relative weight of the third term to 
the first and the second terms. 
During the minimization of the target function, only the 
dihedral angles ~,w and XIS are treated as independent 
variables by fixing the bond angles and bond lengths of peptide 
residues at the values listed in ECEPP(26,27). A structure is 
generated for a set of given values of dihedral angles and rij 
are ~alculated. Reductions of the calculation time and computer 
memory space were achieved by treating only dihedral angles as 
independent variable.(5,32,33) if one want to minimization a 
target function rapidly. It is a strong demand to know the first 
derivative of a target function with respect to a variable 
dihedral angle 8a(oT/a88)' This quantity is derived basing on 
the idea of Noguti and Go(33) as follows: 
aT 
= -(ea , ea II. ra) Fa' a8 a 
1 aT [~a A raj Fa = 
alra-rSI ra ~ rS Ira-rSI 
where ra and rS are position vectors of atoms a and S, 
respectively; ra is the position vector of the atom at the C 
terminus end of bond a; e a is the unit vector along the bond a 
from the N terminus to the C terminus; 8a is the dihedral angle 
in consideration; Ma is a set of atoms on the moving side which 
are movable according to the rotation of 8a under the condition 
that atoms on the N-terminal side are fixed. 
In order to avoid the multiple minimum problem and to search 
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for the global minimum of the target function T, the distance 
constraints were applied stepwise following the idea of Ooi et ale 
as follows.(34) At first, the distance constraints were 
classified according to the distance k between the residues to 
which each of paired atoms under consideration belongs, where k 
is defined as the difference of the residue numbers. Next, 
minimization was carried out for the target function with the 
distance constraints of only smaller values of k. Then, by 
starting from the conformation obtained in this minimization, 
calculation was continued to minimize the target function with 
the constraints of up to slightly larger values of k. Starting 
from the previously minimized con'forma tion, the target function 
was then minimized with the constraints of the second range 
between the residues aparted by four residues. A series of the 
minimization was continued by increasing the range of 
constraints. This program was written by Braun and Go, and coded 
as DADAS(5). 
Restrained molecular dynamics 
Restrained molecular dynamics(11,12,17) dissolves the 
classical equations of motion for all atoms in the molecule for a 
suitable time period and trace the trajectory of the molecular 
motion under the condition that distance constraints are 
incorporated into the energy function as the pseudo 
potentials(35). These pseudo potentials are main driving forces 
to obtain the structures which are consistent with NMR data. The 
simple integration algorithm used to solve classical Newton IS 
equation of motion for molecular dynamics is that due to 
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Verlet(36). The co-ordinates ri(t+~t) of atom i can be described 
by the co-ordinates ri(t) and its derivations at time t using a 
Tailor expansion: 
m.- 1F. (t) (~t)2 + •...• J. J. 
The expansion for -~t yields: 
r.(t-~t) = r.(t) - V·~t + mJ..-1FJ..(t)(~t)2 J. J. J. 
When adding these two expansions: 
ri(t+~t) = 2ri(t-~t) + mi-1Fi(t)(~t)2 + 0[(~t)4] 
So, once the co-ordinate ri and an interaction potential V(r1 ' 
at time t and t-~t are given, the coordinates at 
time t+~t can be calculated by this equation. The time period ~t 
should be chosen so that Fi(t) is' essentially constint over ~t. 
This value is 10-16<~t<10-14sec. Actually the calculated 
structure in the olecular dynamics moves toward the energy 
minima with shaking at a setting temperature. 
Many molecular dynamics programs(3) are available now. The 
program which we adopt in this study is CHARMM(16) which is one 
of well prevailed molecular dynamics programs. In CHARMM, pseudo 
potential VNOE(rij) term which represents the interproton 
distance constraints is added to the total energy function of the 
molecule in following quadratic biharmonic form(11,12): 
C1 (r .. -r .. 0) 2., if r .. >r .. 0 J.J J.J J.J J.J 
C2 (rij-rij O)2, if rij<rijo 
where r·· and r· .0 are the calculated and target interproton J.J J.J 
distances respectively, and C1 and C2 are force constants given 
by: 
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kBTS 
C2 =----2(~ij-)2 
where S is a scale factor, and ~ij+ and ~ij- are the positive and 
negative error estimates of rijo, respectively. When S is unity, 
C1 and C2 mean that if the deviations of the actual distances rij 
from their target distances rijo are equal to the error estimates 
~ij+ or ~ij-' the pseudo potential VNOE(rij) increases by 1/2kBT. 
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[Result] 
Calculational strategy 
DISGEO program 
Because prochiral protons such as methyl or methylene 
protons, are not able to be stereo-specifically assigned by 
standard procedures of NMR experiments (1 ). Then input distance 
constraints for these protons were referred to pseudo atom 
positions, suitable distances were added on the distance 
constraints obtained from NOElS for p~ochiral protons as 
described by Wuthrich et al(37). In order to reduce the 
calculation time and computer-memory space, these prochiral 
protons were replaced by pseudo atoms with suitable atomic radii. 
Bond length and bond angles of amino acid geometries which are 
standardized in the ECEPP(26,27), chirality constraints which 
define the chiral centers and planarity constraints of all sp2 
centers provide an additional set of constraints Non-biased 
sampling of the initial structures was carried out by making a 
random selection of the interatomic distances wi thin the given 
limit of distances (6,7). 
The calculations of DISGEO program proceeded in following 
four phases(8). 
1) All distance constraints were determined so as to satisfy the 
requirement of triangle inequality. 
2) A substructure consisting of only backbone atoms was embedded 
first with the distances between paired atoms belonged to 
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backbone in order to avoid the entanglement of side chains. 
3) Metric matrix for all distances was calculated using the 
distances between the atoms of backbone obtained in the 
calculated substructure, then projected from the higher-order 
distance space into the three dimensional space so as to convert 
distances into coordinates. 
4) The resulting three dimensional structure was refined by 
restrained least-squares minimization. 
A hundred of the structures were calculated with different 
initial values for the random number seeds. Five structures which 
satisfy the constraints well were picked up according to the 
value of residual violations for the NOE constraints. 
DADAS program 
The input distance constraints for prochiral protons in 
DADAS program were treated by the pseudo atom method similar to 
the case of DISGEO. In this study DADAS was modified to set the 
atomic radii of pseudo atoms to zero in order to incorporate all 
protons including prochiral protons into the calculation. This 
means that prochiral protons were not replaced by pseudo atoms. 
The latter were treated only as reference points on which 
distance constraints are imposed with the same distance 
corrections as the previous pseudo atom treatment did. This 
modifica tion achieves correct packing of the molecules without 
loss of the merit of the pseudo atom treatment. Distance 
constraints involving residues further apart along the primary 
structure were gradually incorporated into the target function as 
described in Material and Methods. 
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Judging from our experience in the previous model study of 
BPTI, we had to keep the following two points in mind during the 
DADAS calculation. (Matsukuma, J. & Go, N. unpublished data). 
1) Local structure in early stage of the calculation sometimes 
affects seriously to final structure. Only correct construction 
of the local conformation leads to the correct overall folding. 
2) Annealing of the calculated structure in the refinement is 
useful. Annealing means the re-calculation of the improperly 
folded structure in order to get a correct folding. 
A hundred of the structure s were calculated with randomly 
chosen ini tial structures . Five structures which satisfy the 
constraints well were picked up according to the residual value 
of target function. 
CHARMM program 
The treatment of the distances involving prochiral protons 
in CHARMM was quite different from those in DISGEO and DADAS. 
These distances were calculated as «r-6»)-1/6 mean distances(30) 
which are directly related to the experimental data of NOE, and 
hence no correction for the distance constraints were done. We 
modified the program to change a biharmonic form of effective 
pseudo potential of NOE to a form of square well potential, as 
follows. 
if r· ·)U·· J.J J.J 
if Lij<rij<Uij 
if L· ·)r· . J.J J.J 
where Uij and Lij are the upper and lower distance constraints, 
respectively. Force constant C is described in Material and 
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Methods. The calculations carried out first a structure 
determination and then proceeded to its refinement (12). In the 
structure determination stage, constraints concerning to the s-s 
bridges were not incorporated into the calculations. The distance 
constraints involving residues separated along the primary 
structure were gradually incorporated into calculation like in 
the case of DADAS. In each step, trajectories of 5 through 10ps 
were calculated with the S value of the scale factor of 1.0 to 
5.0. In the refinement stage all the distance constraints 
including S-S bridge s were incorporated into calculation. The 
value of S was gradually increased from 1.0 to 5.0. Each 10ps 
molecular dynamics calculation was followed by the restrained 
energy minimization. A completely extended structure was chosen 
for the initial structure of the calculations and subj ected to 
conjugate gradient energy minimization(38). Calculations were 
carried out with changing the some calculational parameters, such 
as S. 
Structure of conotoxin GI 
In order to achieve quantitative evaluation of resulting 
structure, criteria were provided by residual NOE constraint 
(2 3) violation values and r.m.s.d. values. ' . 
First, each of the conotoxin GI conformations obtained by 
DISGEO, DADAS and CHARMM (Fig. 2) were evaluated by values of a 
sum over the residual violations which are listed in Table 1. 
Five structures from DISGEO and DADAS, and three structures from 
CHARMM were listed respectively there according to these values. 
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Fig. 2. Computer drawinge of the backbone structures of 
conotoxin GI calculated by DISGEO, DADAS and CHARMM using 
experimentally obtained NMR data. They are superimposed to best 
fit in space. (a) Five DISGEO structures. (b) Five DADAS 
structures. (c) Three CHARMM structures. 
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Table 1 
Statistics of the residual NOE constraints 
violations for the conotoxin GI conformations 
computed from the NMR data using 
DISGEO, DADAS and CHARMM 
run Sum of violations (A) 
DISGEO DADAS CHARMM 
(C-DS) (C-DD) (C-CM) 
1 1 .18 (1 .69) 1.67 (3.64) (2.60) 
2 1.30 (2.86) 1.82 (2.08) (3.12) 
.. 3 1 .56 (2.21 ) 2.05 (3.38) (5.46) 
4 1 .56 (2.34) 2.11 (1 .69) -
5 1.69 (1 .69) 2.11 (2.73) -
The numbers in parentheses indicate that 
violations for the equivalent protons are 
calculated using «r-6»-1/6 mean distances. 
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They are denoted as C-DS-1, C-DS-2, ---,C-DD-1,---,C-CM-1,--, so 
on. These structures from DISGEO and DADAS were picked up from a 
hundred conformers. Thus CHARMM structures do not have qualities 
same to those of DISGEO and DADAS structures. Because of the 
long calculation time, only three structures of conotoxin GI were 
obtained from CHARMM. In CHARMM structures, violations for the 
prochiral protons were calculated using «r- 6 »-1/6 mean 
distances. Although the pseudo atom treatment for the prochiral 
protons was used in both DISGEO and DADAS, violations for these 
structures were calculated using«r-6»-1/6 mean distances same 
as CHARMM structure for comparison. Variations 
and DADAS structures were not seriously large. 
these structures satisfied the demand of the 
for the DISGEO 
This means that 
mean 
distance treatment and that these treatments seemed to be a 
realistic approach for distances of the prochiral protons. 
Table 1 shows that quali ties of. both DISGEO and DADAS 
structures with respect to consistency to the constraint is 
nearly the same. As the violation of the C-CM-3 structure is 
remarkably large, this structure should be trapped by a local 
minimum of the energy function. DADAS structures have slightly 
larger values of violation than DISGEO structures. Thus the 
DADAS structures should have a tendency to locate at some local 
minima which are in the vicinity of the global minimum. Although 
the violation values in the CHARMM structure are spread out, that 
of C-CM-1 structure is comparable with those of the other two 
method's structures. Thus all three methods have the ability to 
generate structure consistent with NMR data. 
The r.m.s.d. values among different conformers of conotoxin 
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Table 2 
R.m.s.d. values of the backbone atoms between different 
conformations of conotoxin GI (1) 
1 * 
2 1 .3 * 
DISGEO 3 1.0 1 .6 * 
4 1 .0 1 .0 1 .2 * 
5 1 • 1 1 .2 1 .2 1 .0 * 
1 1 .9 1 .8 1.6 1.9 1 .4 * 
2 1.81.71.71.71.2 1 • 1 * 
DADAS 3 3.5 4.0 3.6 4.0 3.9 3.8 4.1 * 
4 1 .9 1 .7 1.7 1 .7 1 .4 1 .5 0.7 4.2 * 
5 0.8 1 .0 1 .1 1 .0 0.9 1 .7 1.6 3.7 1 .7 * 
1 1 .5 1.7 1.81.8 1 .6 1 .7 1 .8 3.8 1.9 1 .7 * 
CHARMM 2 2.7 2.6 2.6 2.4 2.5 2.7 3.1 4.6 3.0 2.8 2.6 * 
3 3·4 3.3 3.5 3.3 3.6 4.0 3.9 3.1 3.9 3.3 4·0 3.9 * 
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Table 3 
Average r.m.s.d. (A) values of conotoxin GI 
DISGEO DADAS CHARMM 
DISGEO 1 .16 
DADAS 1.96 2·41 
(1 .50) (1 .38) 
CHARMM 2.55 3.02 3·50 
(2.12) (2.34) (2.60) 
The r.m.s.d. values were calculated including 
all the backbone atoms. Averages were taken over 
the 5 DISGEO or 5 DADAS or 3 CHARMM structures. 
The numbers in parentheses indicate that 
averages were taken except for C-DD-J, C-CM-2 
and C-CM-3 structures. 
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GI are listed in Table 2 and their averaged values are listed in 
Tables 3. Table 2 shows that the r.m.s.d. values of C-DD-3, C-
CM-2 and C-CM-3 structures are remarkably large, although other 
r.m.s.d. values are always within 2.0j. C-CM-3 structure is a 
typical case of the structure which was trapped by a local 
minimum because both convergence and consistency were poor. This 
might be the consequence of the competition between pseudo energy 
of NOE and non-bonded energy. For the C-DD-3 and C-CM-2 
structures, the values of violations are small. This suggests 
that these structures are candidate for the solution structure of 
conotoxin GI. We cannot determine which is more probable so far. 
The r.m.s.d. values among these structures except C-DD-3, C-CM-2 
and C-CM-3 structures are always wi thin 2 .oj. This values are 
good enough to discuss the structure-acti vi ty relationship as 
shown in Chapter II. 
Structure of Tendamistat 
The residual NOE constraints violations of Tendamistat 
conformers calculated by DISGEO and DADAS are summed up 
respectively. Five of them were listed according to the values. 
These conformers are denoted as T-DS-1, T-DS-2, ---,T-DD-1,---,T-
CM-1,--, so on, respectively. Table 4 shows that the distance 
constraints were almost fulfilled in both five structures by 
DISGEO and DADAS. As the size of molecule and the number of 
distance constraints are larger than those of conotoxin GI, the 
values of the violations in the calculated Tendamistat structures 
are larger than in the conotoxin GI structures. Although 
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Table 4 
Statistics of the residual NOE constraints 
violations for the Tendamistat conformations 
computed from the simulated X-ray data 
using DISGEO and DADAS 
run Sum of violations (A) 
DISGEO DADAS 
(T-DS) (T-DD) 
1 4.00 12.58 
2 4.29 12·95 
3 6.73 14·43 
4 6.96 16.28 
5 7.33 25.90 
, 
Table 5 
R.m.s.d. values of the backbone atoms between different 
conformations of Tendamistat and between different 
0 
conformations and X-ray structure (A) 
X-ray 1-74 7-73 
1 2·4 1.8 * 
2 2.7 2.0 1 .3 * 
DISGEO 3 2.7 2.0 1 .2 1 .3 * 
4 2·4 1 .9 1 .2 1 .4 1 .4 * 
5 2.5 1 .9 1 .2 1 .1 1 .4 1 .4 * 
1 3.2 2.0 3.0 3.4 3.2 3.2 3.2 * 
2 2.4 1 .7 1.9 2.3 2.2 2.2 2.2 2.9 * 
DADAS 3 2.8 2.0 3.1 3.4 3.2 3.2 3·4 2.5 3.0 * 
4 3·2 2.5 3·4 3·3 3.5 3.4 3·4 3.1 3.2 3.1 * 
5 4·0 3.8 3.9 3.8 3.7 3.9 3.8 4.6 4.3 3.6 3.8 
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* 
violations in each structure by DISGEO and DADAS were within 
almost same values, the values in the DADAS structures were 
always greater than those in the DISGEO structures. This means 
that the DADAS structures have a larger tendency to be trapped by 
local minima than the DISGEO structures. 
None of the structure from CHARMM comparable to those from 
DISGEO and DADAS were obtained. Main reason of this might come 
from the fact that during the CHARMM calculation it is hard to 
escape from local minima and to get a correct folding. The most 
successful CHARMM structure is shown in Fig. 3. Comparing to the 
X-ray structure of Tendamistat, it is clear that, even in this 
best structure, some of S-sheets strands are twisted. Thus the 
CHARMM structure of Tendamistat is not discussed anymore. 
The extent to which the Tendamistat structures differs from 
each other, and how they relate to the X-ray structure were 
measured by the r.m.s.d. values which are listed in Tables 5 and 
6. The five conformers of Tendamistat by DISGEO and DADAS, 
respectively were superimposed in Fig. 4 so as to get best-fit 
in space. In spite of the complexity of the folding, the global 
feature of the X-ray structure including the arrangement of the 
each strands of two S sheets was well reflected in both DISGEO 
and DADAS structures. Therefore the ability of DISGEO and DADAS 
to construct the correct structure should be almost same. Fig. 4 
shows that both S-sheets in the structures from both programs 
are well defined. However, polypeptide segments of 1 to 6 (N-
terminus,) 36 to 45 (around the junction between the S-strands 
III and IV) and 61 to 68 (around the junction between the S-
strands V and VI) are deviated from X-ray structure. In these 
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Fig. 3. Computer drawing of the backbone structures of 
Tendamistat calculated by CHARMM using simulated NOE data from 
X-ray structure. The most successful CHARMM structure is shown. 
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Table 6 
( Ao ) Average r.m.s.d. values of Tendamistat 
X-ray - DrSGEO 2.54 
X-ray - DADAS 3.12 
DrSGEO - DrSGEO 1.29 
DADAS - DADAS 2.97 
DrSGEO - DADAS 3.17 
The r.m.s.d. values wer~ calculated including 
all the backbone atoms. Averages were taken over 
the 5 DrSGEO or 5 DADAS structures. 
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Fig. 4. Computer drawings of five DISGEO structures and five 
DADAS structures with the X-ray structure. They were calculated 
by DISGEO or DADAS using simulated NOE data from X-ray structure 
and were superimposed on the X-ray structure to best fit in 
space. The red line represents the X-ray structures. 
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polypeptide segments, the number of the distance constraints are 
rather small. Figs. 5 and 6 show some correlation between the 
distribution of distance constraints and the convergence of the 
structures. The close relationship between the quali ty of 
constraints and the convergence is clear in a comparison of these 
figures. Thus, both programs reflect well the quality of the 
distance constraints. 
From the aspect of r.m.s.d.'s between any two conformers, 
DISGEO structures have smaller values than DADAS structures. 
This results in the better convergence of DISGEO structures than 
that of DADAS ones as shown in Fig. 4. However the degrees of 
the deviation fr6m the X-ray structure measured by r.m.s.d. are 
almost same for both structures. These facts imply that the 
sampling space of the DISGEO structures was smaller than that of 
DAD AS . DISGEO structures might lead to the misunderstanding of-
the some feature of solution structure. For example, N-terminus 
segments of different Tendamistat structures derived from DISGEO 
were well converged to a unique structure which has a quite 
different orientation from X-ray data. In contrast to this, 
these segments of DADAS structures were widely spread in space. 
It can easily concluded that this segment cannot be determined 
uniquely from the NMR data. It should be emphasized that the 
DISGEO structure dose not mean a wrong structure, because some of 
the DADAS structures also take the ~imilar orientation in DISGEO 
structures. 
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[ Discussion ] 
In this section, we discuss the merits and demerits of these 
computer programs; DISGEO, DADAS and CHARMM, judging from the 
aspect of the application to the structure determination by the 
NMR. 
The first subject is so called local minimum. The ability 
of these programs largely depends on how they can overcome local 
minima to find the global minimum. This can be measured by the-
residual violations of imposed constraints in calculated 
structures. All three methods showed to have the ability to 
generate the structure consistent with NMR data in the case of 
conotoxin GI. DISGEO and DADAS also showed the ability in a 
complex molecule such as Tendamista t. The deviations of both 
structures by DISGEO and DADAS from the X-ray structure are about 
2.5 ~. As shown in cases of conotoxin GI and Tendamistat, 
almost all of the DISGEO structures have small values of residual 
violations. One of the merits of DISGEO is that it can be easily 
handled with suitable parameters. The other two programs 
are more sensitive to calculation parameters. However, there was 
no serious violation in DADAS conformers. The strategies of 
DADAS and CHARMM are the minimizations of a target function and 
of pseudo NOE potentials, respectively. In this sense both 
programs have a resemblance each other. The minimizer of DADAS 
is the conjugate gradient method and that of CHARMM is molecular 
dynamics. If the CHARMM structure is trapped by some local 
minima, it is hard to escape from them. The reason might come 
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from the fact that non-NOE terms in CHARMM obstruct the way to 
correct folding from local minima. 
As discussed in the general introduction, the important 
requirement for these programs are unbiased search of the all 
allowed conformational space. One way to realize this is a 
introduction of the randomness into a starting condition for 
calculation. In DISGEO, randomly selected distances were used and 
in DADAS a randomly chosen initial structure was used for this 
purpose. Al though the DISGEO structures have a small value of 
violation, the searching area of DISGEO is limited. This might 
mean that a kind of bias sampling in stead of completely random 
selection of a starting condition, is done at the initial stage. 
In this respect the DADAS achieves the most unbiased sampling of 
the conformational space. The CHARMM structures starting from 
, 
randomly chosen structures are easily trapped in local minima at 
the early stage. It might be a demerit of CHARMM that the initial 
structure of the calculation is restricted in a narrow range. 
Another way for unbiased search might be possible in CHARMM that 
is tracing the trajectory of molecular dynamics through 
efficiently long period to travel all allowed conformational 
space. But it is very difficult because of the limit of CPU 
time of computer. 
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General Conclusion 
In this thesis, the author developed a method to determine 
solution structures of protein and polypeptide wi th three 
dimensional atomic coordinates by using distance informations. 
from NMR experiments. There had not been any direct method to 
do so at the beginning of the present study. Our strategy is the 
combined use of 1H-NMR and one of the distanc~ geometry 
algorithms; DADAS. Semi-quantitative estimation of interatomic 
distances from NOE data and pseudo atom treatment of prochiral 
protons were introduced in order to treat the experimental data 
with DADAS. The tools of the quantitative evaluation of 
calculated structures were also developed and used to clarify 
~~ their features. 
Resulted structures with our method were not a unique but an 
assemble of somewhat different conformers. Although distance 
informations from NMR measurements were obtained only for a small 
subset of all possible proton pairs, the calculated structures 
were well converged. The se re suI ts showed two things that (1) 
distance information obtained from currently available NMR 
techniques such as NOESY experiment is enough to delineate the 
molecular structure, and (2) our method has the capability to 
delineate the boundary of the conformational space defined by NMR 
data. 
Limitation on the size of molecules to which our method can 
be applied is particularly interested, because proteins which 
play an important biological role in vivo have molecular weight 
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ranging widely up to 1000000. The limit of weight handled by NMR 
is said to be about 10000 so far. As the line-width of the 
individual NMR peaks is approximately proportional to molecular 
weight, decrement of the siN ratio in the NMR spectrum caused by 
broadening of the peaks is a serious problem in large proteins. 
The overlapping of the peaks is also s"erious one because 
assignments of these peaks are very difficult. One answer for 
these problem is the increase of the magnetic field of NMR, 
because high magnetic field improves the siN ratio and 
resolution. Another answer is the use of newly developed NMR 
techniques such as three-dimensional NMR. By these improvements, 
maximum molecular weight will be about 20000 in near future. 
In this thesis information used to construct molecular 
structure is only the distance constraints from NOE data. But 
NMR is able to offer another structural information: J-coupling 
constants, which are related to values of dihedral angles. 
Incorporation of these informations into our method should 
promise a further improvement. Incorporation of stereospecific 
assignment improves the procedure as well because our treatment 
of prochiral protons loses some distance information. 
Although our interest has been focused in the distance 
informations of macromolecules, NMR provides informations of 
molecular motion as well. Molecular dynamics calculation or Monte 
Carlo simulation of macromolecules using the structure which is 
determined with NMR data as above mentioned should give us a new 
aspect of molecular motion. The results of these calculations 
could be evaluated by a comparison to the experimental parameters 
such as T1 and T2 . 
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